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for enhanced cellular uptake 
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Abstract: Fluorescent nanoparticles such as quantum dots have 
exciting possibilities for biomedical applications, mainly sensing and 
bioimaging. However, the inefficient cell uptake of some 
nanoparticles remains as a frontier for their application in clinical 
practice. Herein we explore the effect of modifying the quantum dot’s 
surface with fluorinated ligands for increasing their surface activity 
and hence enhancing their cellular uptake. 
Much effort is being directed towards understanding the 
cellular uptake of nanoparticles (NPs) in order to design 
novel nanostructures with improved bioperformance, and 
consequently having a higher efficiency for biomedical uses 
such as in bioimaging, intracellular sensing, and drug 
delivery, among others.1-4 In this direction, advances in 
functionalization strategies to optimize cellular uptake and 
trafficking, and methodologies for revealing the underlying 
parameters controlling the nano-cellular interactions are of 
utmost importance.5,6 The first major barrier against the 
influx of exogenous material inside a cell is the 
impermeable phospholipid bilayer of the cellular membrane, 
which is often unpredictable. While the effects of 
physicochemical properties of NPs such as size, shape, 
stiffness, charge, and surface chemistry have been widely 
studied,7-12 the role of the surface 
hydrophobicity/hydrophilicity in the cellular uptake of NPs, 
which is still not well understood, is garnering increasing 
attention lately.13-16 On the one hand, it is generally 
accepted that hydrophobic and interfacial forces play 
important roles in the interaction between NPs and cellular 
membranes. Molecular dynamic simulations clearly showed 
that hydrophobic NPs are thermodynamically stable around 
the middle of the hydrophobic core of a cell membrane, 
whereas a semihydrophilic NP is only found to adsorb into 
the membrane.14,15 Recently, Shastri et al. described the 
preparation of polymeric NPs with increasing hydrophobicity 
by copolymerization with lipid components of cell 
membranes, and found an increased cellular uptake of the 
most hydrophobic NPs.16 Similarly, Sung et al., based on 
both experimental evidence and molecular dynamic 
simulations, reported that the cellular uptake of 
hydrophobically modified chitosan was enhanced with 
increasing their hydrophobic character.17 On the other 
hand, the impact of fluorine on the interaction of bioactive 
molecules with cells is profound, due to mainly its high 
hydrophobicity. It is indeed not a coincidence that fluorine is 
present in around 20% of current pharmaceutical 
compounds, and much of the optimization process in drug 
development is focused on the modification of active 
compounds with fluorine atoms.18-20 
In spite of this knowledge, the modification of NPs with 
fluorinated ligands for increasing their hydrophobicity as 
well as for exploiting the effect of fluorine on the interaction 
with cells is poorly investigated, and little is known about 
the cellular uptake of fluorinated NPs.21 
Herein, we report the fluorination of NPs as a 
straightforward strategy to modulate their interactions with 
cells and subsequent cellular uptake. To give insight into 
the mechanism underlying the differential cellular uptake of 
fluorinated NPs, the interaction of these NPs with a cell 
membrane model is studied. In particular we focus on 
fluorescent quantum dots (QDs) owing to its superior 
properties as bioimaging probes in comparison to 
conventional organic fluorophores.22-24 
In this work fluorinated QDs (in the following referred to as 
QD_F) were prepared by ligand-exchange of 
trioctylphosphine oxide (TOPO)-capped ZnCdS/ZnS QDs 
(in the following referred to as QD_TOPO) with the 
fluorinated ligand HS-C11-(EG)4-O-C(CF3)3 (Fig. 1A, see 
details in ESI). The use of this ligand containing a perfluoro-
tert-butyl group allows for the introduction of a high amount 
of fluorine atoms on the outer surface of the QDs, whereas 
the ethylene glycol units in the linker enhance the solubility. 
The as-prepared QD_TOPO and QD_F NPs presented an 
inorganic core/shell diameter of (7.0  0.5) nm as 
determined by transmission electron microscopy (TEM, Fig. 
S1), and maximum emission fluorescence at ca. 435 nm 
under excitation at 350 nm (Fig. S2). The emission 
spectrum of the QD_F was slightly narrower than that of 
the QD_TOPO sample, which indicates a smaller particle 
size distribution. This may be as a result of the additional 
purification steps by centrifugation after the ligand 
exchange process, which could lead to the isolation of 
more homogeneous particles. In fact, the same observation 
was derived from the dynamic light scattering (DLS, Fig. 
S3) measurements, since the DLS spectrum of QD_F was 
also narrower and presented a smaller polydispersity index 
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value. The hydrodynamic diameters, given as number 
distribution, were (10.5 ± 2.3) nm for QD_TOPO and (16.7 ± 
1.7) nm for QD_F NPS. As it was expected the 
hydrodynamic size increased after the ligand exchange 
owing to the higher length of the fluorinated ligand in 
comparison to the TOPO. In both cases the low 
polydispersity index values demonstrated the good 
homogeneity of the NPs in terms of size.The presence of 
the fluorinated ligand on the QD surface after the 
functionalization, along with remaining TOPO, was 
confirmed by 1H and 19F NMR (Fig. S4). The non-fluorinated 
QD_TOPO were used as control as they are also 
hydrophobic but lack fluorine atoms. Interfacial tension 
measurements by using the pendant drop method revealed 
the hydrophobic character of both QDs, being the QD_F 
NPs more hydrophobic than QD_TOPO25 (Fig. S5).  
Figure 1. (A) Scheme of the two types of QDs studied, TOPO-capped QDs 
(QD_TOPO) and fluorinated QDs (QD_F). (B) Surface pressure-molecular 
area of a pure DPPC monolayer (black line), and DPPC monolayers with 
QD_TOPO (red line) or QD_F (blue line). (C) Value of integral of the UV-vis 
reflection spectra as a function of the area of the monolayer for 
DPPC:QD_TOPO (red circles) and DPPC:QD_F (blue circles). 
In order to evaluate the influence of the ligand exchange 
process, and thus the change of the organic shell around, 
on the fluorescence emission efficiency of the QD, the 
quantum yield (QY) before and after the exchange was 
determined by the method outlined by Horiba, which is 
based on the comparative method work of Williams et al.26 
Details of the used procedure and calculations are given in 
the supporting information (cf. section II.3, Fig. S6). The 
determined QY values were 0.82 for QD_TOPO NPs and 
0.77 for QD_F NPs, indicating that the exchange process 
did not affect significantly to the fluorescence efficiency. 
To study first the potential interaction of both QDs types with 
cells, Langmuir monolayers of the phospholipid 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), which is a major 
constituent of the eukaryotic cell membrane, were used as 
model surface. This model allows mimicking the response of the 
cell membrane against the QDs.27 For the formation of the 
monolayer QDs and DPPC were cospread in a fixed optimized 
molar ratio, and thus the amount of QDs that might be at the 
DPPC interface is well-defined. A slight excess of DPPC 
molecules was included for the formation of a close-packed 
monolayer of QDs (Fig. S5). 
Restricting the physical scenario to a simplified model 
allows us to discern the different behaviour of fluorinated 
and non-fluorinated NPs (QD_F versus QD_TOPO) 
exclusively as the result of the changes on the surface 
activity of the QDs.28 The possibility of in situ studying the 
DPPC monolayer and the influence of the QDs at different 
values of molecular area per phospholipid molecule 
provides a detailed picture on the surface activity of the 
QDs. Taking into account that the inorganic core of the QD 
is the same in both cases the observed changes in the 
surface activity are due solely to the presence of different 
capping ligands on their surface, i.e. fluorinated and non-
fluorinated ones. 
Surface pressure-molecular area isotherms of the DPPC 
monolayers (Fig. 1B) offer information on the surface 
activity of the QDs and their interaction with the model 
DPPC surface.29The modification of the isotherm induced 
by the QD_F was significantly higher than by the 
QD_TOPO. The values of DPPC molecular area for the lift-
off of surface pressure for pure water, QD_TOPO and 
QF_F were 0.9, 1.6, and 3.5 nm2, respectively. The greater 
expansion of the isotherm recorded in presence of the 
QD_F indicates a higher occupancy of the DPPC interface 
by the QD_F, in contrast to the QD_TOPO. The shape of 
the isotherms was also significantly affected by the 
incorporation of QDs into the monolayer, pointing to a 
modification of the phase behaviour of the DPPC molecules 
in contact with the QD. In particular, the QDs excerpted a 
fluidization of the DPPC monolayer by effectively interacting 
with the phospholipid molecules. Interestingly, such 
fluidization was greater for the QD_F when compared to the 
QD_TOPO, noted in a quantitative decrease of the 
compression modulus Cs-1 from 200 to 300 mN/m (liquid 
condensed and solid monolayer) for the pure DPPC and the 
DPPC:QD_TOPO monolayers to values from 0 to 50 mN/m 
(liquid expanded monolayer) for the DPPC:QD_F 
monolayer (Fig. S6). This effect arises from a significant 
interaction between the QD_F and the hydrophobic region 
of the DPPC monolayer. The available surface area per 
DPPC molecule was reduced by compression of the 
monolayer. The 2D clustering of QD_F with compression of 
the monolayer enhanced the hydrophobic interaction with 
the alkyl chains of the DPPC molecules. This interaction 
with the curved surface of the QD_F led to an effective 
removal of DPPC molecules from the monolayer to the 
QD_F surface, as observed in the area reduction at almost 
constant surface pressure of ca.25 mN/m and the inter-
crossing of the isotherm with the pure DPPC monolayer at 
ca.41 mN/m (Fig. 1B). This enhancement in the 
hydrophobic interactions between the QD_F and the 
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Taking advantage of the reflection band of QDs in the range 
of 250-500 nm,30 the amount of either type of QD present at 
the DPPC interface along the isotherm could be monitored 
by in situ UV-vis reflection spectroscopy. For comparison 
the UV-vis reflection spectra obtained for both 
DPPC:QD_TOPO and DPPC:QD_F monolayers were 
integrated and normalized to the maximum value, i.e. the 
absorption at the most compressed state of the monolayer 
and therefore with the highest density of QDs at the 
interface. As presented in Fig. 1C, the QD_F were present 
in at least 80% of the maximum amount along the whole 
compression range, whereas the QD_TOPO were initially 
present only at 40% and their amount increased gradually 
with compression and only reached the maximum amount 
at a highly compressed state of the monolayer. The 
observed variation in intensity of the UV-vis reflection 
spectra with the decrease in molecular area of the DPPC 
was due to the enrichment of QD_F at the lipid/water 
interface. Such enrichment was connected to the increase 
of available DPPC molecules to interact with the QD_F, 
thus attracting and keeping a larger number of QD_F at the 
interface. The comparatively higher signal/noise ratio of the 
UV-vis reflection spectra of the QD_F with respect to 
QD_TOPO might arise from a larger aggregation at the 
air/liquid interface, see Figure S8. The aggregation of 
inorganic nanoparticles at the air/liquid interface led to 
micron-size domains of nanoparticles, resulting in a higher 
noise in the spectroscopic signal.31 Such domains were 
indeed visualized by microscopy, see below. 
The change of the DPPC monolayer interfacial structure 
and organization induced by the QDs was monitored in situ 
by Brewster angle microscopy (BAM), allowing us to get 
insights into the micrometric domains. Interestingly, a 
contrast inversion took place for both QD types, in which 
the surrounding phase to the DPPC liquid condensed 
domains appeared brighter than the domains (Fig. 2 and 
S8). Images were taken at different values of the surface 
pressure, corresponding to different degrees of 
compression of the monolayer. These images clearly 
showed the lack of significant modification of the 
morphology of the DPPC monolayer in contact with 
QD_TOPO at a greater compression state of the DPPC 
monolayer (Fig. 2A), suggesting a comparatively modest 
occupancy of the interface. In contrast, the DPPC 
monolayer in contact with QD_F displayed a noticeable 
modification (Fig. 2B), in which the domains were disrupted 
and bright solid-like microstructures appeared. Such 
microstructures can be assigned to accumulation of the 
surface active QD_F into aggregates at the DPPC 
interfaces expected form the isotherm (see above), further 
















Figure 2. Brewster Angle Microscopy pictures of the DPPC monolayer in 
contact with (A) QD_TOPO, and (B) QD_F. Values of surface pressure for 
each picture are indicated in the insets. Width equals to 225 μm. 
Once studied the interaction of different QDs with a cell 
membrane model, results clearly revealed a higher surface 
activity of QD_F resulting in an enhanced interaction at the 
phospholipid interface. Then, cellular uptake studies of the 
QDs were carried out in order to investigate if there is a 
correlation between the observations with the DPCC 
membrane model and the truly behavior in cells. To this 
end, HeLa cells were first incubated with both QD_F and 
QD_TOPO NPs at a concentration of 5 nM for 24 h. The 
cytotoxicity was evaluated obtaining that the cell viability 
decreased to around 80% as determined by MTT assay 
(Fig. 3A). However, such decrease may be attributed 
mainly to the presence of 0.5 % of DMSO which is needed 
for the proper dispersion of the hydrophobic NPs in the cell 
culture medium. In order to minimally affect the cell viability 
(i.e. maintaining viability ≥ 90 %), the treatment of HeLa 
cells with NPs (5 nM) was reduced to 5 h, which 
demonstrated to be sufficient for sensitive uptake studies by 
confocal fluorescence microscopy (Fig. 4). It is important to 
note that the uptake studies were performed in serum-free 
medium for avoiding the potential adsorption of proteins 
around the QDs (i.e. formation of the so-called protein 
corona),32,33 and therefore allowing the direct interaction of 
the surface coating of the QDs (TOPO or fluorinated 
ligands) with the cellular membrane. In this way the impact 
of the presence of fluorine atoms on the QD surface could 
be truly investigated without being masked by adsorbed 
proteins.34 As it can be seen in confocal images (Fig. 4), 
although both QDs types were efficiently internalized within 
cells, the extent of the cell uptake was significantly higher 
for QD_F. In order to quantify this uptake enhancement as 
a result of the presence of fluorinated ligands on the QD 
surface, the fluorescence density per cell was determined 
by analyzing the images with ImageJ (details in ESI). The 
fluorescence density within cells can be correlated to the 
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QD_F were uptaken more efficiently by a factor of 5.7 in 









Figure 3. (A) Cell viability obtained by MTT assay of HeLa cells incubated for 
either 5 h or 24 h with QD_TOPO or QD_F (both at 5nM). NPs were dispersed 
in serum-free cell medium containing 0.5% DMSO. (B) Quantification of 
fluorescence density per cell by analyzing confocal fluorescence images of 
HeLa cells incubated for 5 h with either QD_TOPO or QD_F (both at 5 nM) at 
37 °C or 4 °C. For each case 50 cells were analyzed with ImageJ. Results are 
expressed as the mean ± standard deviation (SD). 
This enhanced cellular uptake of QD_F is consistent with 
the observed higher interaction with the cell membrane 
model, and allows concluding that increasing the surface 
activity of the QDs will lead to enhanced internalization by 
cells. 
To further investigate if the uptake mechanism is via active 
or passive internalization processes, cells were incubated 
with QDs (QD_F and QD_TOPO 5 nM) at 4 °C, knowing 
that at this low temperature many cellular processes such 
as endocytosis of NPs are inhibited.35 The amount of QDs 
internalized at 4 °C was only slightly lower than at 37 °C 
(Fig. 3B), which seems to indicate that these QDs can 
directly translocate through the lipid bilayer of the cell 
membrane by passive diffusion. This observation is in 
agreement with previous studies working with lipid-covered 
hydrophobic Au NPs of 5 nm, which demonstrated that 
hydrophobic NPs with diameters d > 5 nm translocate 
through the bilayer whereas individual NPs with diameters d 
≤ 5 nm are trapped in the bilayer. The only possibility of 
small hydrophobic NPs for leaving the bilayer is by forming 
clusters exceeding the threshold size.36 Based on our 
previous work, we know that the QD_F are able to form 
nanoclusters in aqueous medium containing only a 5 % of 
DMSO,37 and therefore our hypothesis is that these 
hydrophobic QDs, both QD_F and QD_TOPO, are crossing 
the cell membrane as clusters. The clear advantage of 
having clusters inside cells instead of single QDs is that the 
sensitivity towards bioimaging applications increases, 
because due to the more intense fluorescence of clusters 
the signal-to-noise ratio will be higher. Thus, it will allow to 
have a better discrimination from the fluorescence 
background (i.e. cell autofluorescence), which is a common 
issue that makes difficult to have an accurate and reliable 
diagnostic in cases where the sensitivity of the imaging 
probe is not good enough.  
 
 
Figure 4. Confocal microscopy images of HeLa cells after incubation for 5 h at 
37 °C with (A) QD_TOPO, or (B) QD_F (both at 5 nM). Incubation was 
performed in serum-free DMEM cell media containing 0.5 % of DMSO. 
Fluorescence channel was collected at 420-500 nm (λex 405 nm). Single 
fluorescence channel and merged with the transmitted light channel are shown. 
The scale bar corresponds to 50 μm. 
 
In summary, fluorination of ZnCdS/ZnS QDs has 
successfully increased their interaction with a phospholipids 
interface, and consequently their surface activity. Such 
increase of surface activity is proposed as the key feature 
for the greater cellular internalization of the fluorinated QDs 
with respect to the non-fluorinated counterparts.    
Extending our discussion beyond the data obtained for the 
NPs studied in the present work, the use of a DPPC 
phospholipid monolayer as a model for the cell membrane 
allows assessing differences in the surface activity of NPs. 
This points out the potential of such membrane model for 
establishing NP surface modification—surface activity 
relationships, which can be thereafter translated into 
surface activity—cell uptake correlations. 
In the light of the presented findings it is suggested that 
fluorination of NPs can be exploited as a simple and universal 
strategy to promote NP–cell membrane interactions with the 
implication for their efficient cellular uptake. This work opens up 
new possibilities for the design of NP-based biomedical tools for 
diagnostic and therapy with improved uptake by cells, and 
consequently it may lead to improved performance. 
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Text for Table of Contents 
Fluorination of NPs is presented as 
strategy to promote NP–cell 
membrane interactions with the 
implication for their efficient cellular 
uptake. The increased surface activity 
of the fluorinated NPs, which is 
demonstrated by using Langmuir 
monolayers as cell model membrane, 
seems to be the key feature for their 
enhanced cell uptake. 
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